Introduction
Programmed cell death (PCD) or apoptosis is a physiological process by which a cell terminates its life [1, 2] . The apoptotic process, in addition to determining cell fate, also plays an important role in various cellular and tissue developmental stages including the formation of tooth structure [3] . The pro-apoptotic Bcl-2 family members maintain the integrity of mitochondria and regulate apoptosis. Bcl-2 family members include anti-apoptotic members Bcl-2, Bcl-w, Bcl-XL, A1 and Mcl-1, as well as pro-apoptotic members Bak, Bax, Bad, Bid, Bok, BNIP3, Blk, Bik and Bim proteins [4] . Among these proteins, Bcl-2 and Bax are prominent molecules with antagonistic effects on survival. The Bcl-2/Bax ratio has a determining effect on cell survival such that the overexpression of Bcl-2 leads to increased cell survival, while Bax overexpression causes apoptosis [5] .
In the developing tooth, Bcl-2 is detected in the enamel organ, ameloblasts, odontoblasts, and subodontoblastic layers [6, 7] . During the enamel formation and maturation about 50% of the ameloblast cells undergo apoptosis [8] . Irregular patterns of apoptosis can result in dysmorphogenesis and dental diseases including hypodontia, oligodontia, agenesis, and even periodontal disease [9] . In contrast to studies that mainly focused on the role of Bcl-2 expression after development, LeBrun et al. demonstrated that Bcl-2 is expressed in stem cell populations, and tissues derived from endocrine and neural cells [10] . Thus, Bcl-2 may be involved in tissue morphogenesis contributing to formation of cell condensations, which are committed to create more differentiated structures such as salivary glands [10] . After maturation of tooth structure and salivary gland the expression of Bcl-2 family members declines such that limited expression of Bcl-2 is observed following birth [11] , but it has been shown to play a critical role in dental tissue regeneration [12] . Although, Bcl-2 expression in salivary gland cells with basal cell differentiation is shown to be effective in formation of pleomorphic adenomas [13] , the role Bcl-2 expression plays in the development and function of salivary glands remains unknown.
Appropriate development of salivary glands and production of saliva play crucial roles in tooth health and function. Salivary glands are one of the most important exocrine glands with critical roles in tooth homeostasis by secreting saliva [14] . Saliva has multiple functions inside the oral cavity including lubrication, digestion, taste, pH buffering, vocalization, debridement/lavage, antibacterial, antifungal, anti-viral, and immunological activity [15] . It also maintains the teeth post-eruptive maturation of enamel, and remineralization of tooth structures after demineralization by acid diffusion [16] . Unfortunately, the impact of Bcl-2 expression on these activities remains largely unknown. Here we investigated the impact of Bcl-2 expression in tooth morphogenesis and physical properties, as well as in salivary gland function. The effect lack of Bcl-2 has on the formation and properties of tooth hard tissue and saliva production were evaluated.
Materials and methods

Tooth analysis and sample preparations
All animal care and procedures were in agreement with the Principles of Laboratory Animal Care and approved by the Institutional Animal Care and Use Committee of the University of Wisconsin School of Medicine and Public Health. Twenty-four mice (twelve males and twelve females) were arranged in three groups (n=8, 4 males and 4 females) including: 1) Eight wild types that were used as the control group (Bcl-2 +/+); 2) Eight heterozygous mice (Bcl-2 +/-); and 3) eight homozygous mice with germline deletion of Bcl-2 (Bcl-2 -/-). The generation and screening of the Bcl-2 transgenic mice have been previously described [17] . We maintained a breeding colony of Bcl-2 +/-mice, and the progeny with the desired genotype used for this study. The evaluation of samples was performed on postnatal day 21.
The micro-CT analysis
The micro-CT analysis of experimental groups was performed by anatomic micro-CT scanning. Animals were sacrificed, the heads were wrapped in dry gauze, and scanned on the micro-CT unit using 3D micro-CT (Inveon, Siemens, Malvern, PA) with a 20 µm voxel size. All scans were visually evaluated by a dental clinician in a masked manner.
The mineralogical evaluations
According to Kim et al. [18] the components of five biological calcium phosphates including hydroxyapatite (HA), β-tricalcium phosphate (TCP), octacalcium phosphate (OCP), amorphous calcium phosphate (ACP), and dicalcium phosphate dehydrate (DCPD) were evaluated in the first molar of each mouse. Two left quadrants of mandible from each group of mice were selected randomly, most of the soft tissue was removed physically, and the mandibular bone was vertically grooved on buccal and lingual side, surfaced with diamond disk (KG Sorensen, 7015; Barueri -SP, Brasil) and a low-speed hand piece without entering the periradicular space, and then spilt longitudinally with a chisel to gently isolate the molar teeth. Samples were washed with ethanol and phosphate buffer saline (PBS; pH 7.4). The roots of the first molars were then sectioned 3 mm below the cemento-enamel junction and fixed on a metal slab, placed in 10% formalin and subjected to X-Ray Diffraction (XRD). The XRD analysis was performed as previously described by us [19] using a X-Ray diffractometer with Cu Ka radiation (40 kV, 30 mA). The operation was carried out in a step-scanning mode over a theta-2 range of 5-80 degrees with a step width of 0.01 and a count time of 10 s per step. In addition, samples in each group of mandible were randomly selected, and prepared for electron microscopy. This part of the study was similar to that previously reported by us [20] . Dot map was employed to determine the inorganic trace element distributions as previously described [20] .
The surface microhardness evaluations
The surface microhardness was evaluated as previously described by us [21] . Briefly, eight incisors from each group of mice were isolated and, after debridement of soft tissues by root scaling instruments, were stored in PBS at room temperature for less than 72 h. Samples were individually embedded in acrylic resin and the enamel of labial surfaces was prepared for microhardness measurements. The superficial enamel surface of teeth was flattened and polished with water cooled carborundum discs 1200 grit silicon carbide paper in order to remove about 200 µm enamel. The surface to be tested was fitted with a Vicker's diamond microhardness tester (Buehler Ltd, Lake Bluff, IL) and a 200 N load was used to make indentations in the enamel surface. The indentations were separated by 100 µm from each other on the labial surface. The loaded diamond was allowed to rest on the surface for 15 s. The indentations were carefully evaluated by an optical microscope and the average lengths of two diagonals were used to measure the microhardness value (MHV).
Salivary gland analysis and saliva collection
Saliva collection was performed according to methods presented by Marmary et al. [22] . Briefly, mice were anesthetized and placed in a holder for easier handling, and then were given pilocarpine 80 mg/kg in 0.1 mL subcutaneously. The saliva was collected in two 5-min intervals using a simple suction device. The animal's nose remained unobstructed for unhindered respiration. According to Lin et al. [23] tubing was used to collect the saliva from the oral cavity, while the nose was allowed to remain free for unhindered respiration. Saliva collection was performed every 15-30 s for 10 min and accumulated on ice. The investigator was masked to the mice genotype for saliva collections. Table 1 List of primers used in this study.
Ribonucleic acid purification
The SMG from three mice were homogenized in 1 mL of Trizol (Life Technologies, Carlsbad, CA). First, 0.2 mL of chloroform was added to each sample, followed by vortexing for 20 s, and incubated at room temperature for 2-3 min. Samples were centrifuged at 10,000×g for 18 min at 4°C and the aqueous phase (top) was transferred to a new tube. An equal volume of 100% RNase-free ethanol was added to each sample. Samples were loaded onto an RNeasy column (Qiagen, Valencia, CA) and centrifuged for 30 s at 8000×g. The flow-through was discarded and 700 μL of Buffer RW1 added to the column and centrifuged for 30 s at 8000×g. Samples were washed twice with 500 μL of buffer RPE. The columns were transferred to a new 1.5 mL collection tube and 40 μL of RNase-free water was added directly onto the column membrane and incubated for 1-2 min at room temperature. RNA was eluted by centrifuging for 1 min at 8000×g.
Complimentary deoxyribonucleic acid synthesis
Complimentary deoxyribonucleic acid (cDNA) synthesis was performed using 1 μg of total RNA and Sprint™ RT Complete-Double PrePrimed kit (Clontech; Mountain View, CA) as recommended by the supplier.
Quantitative polymerase chain reaction analysis
One μL of each cDNA (diluted 1:10) was used as template in qPCR assays, and performed in triplicates on Mastercycler Realplex (Eppendorf; Hauppauge, NY) using the SYBR qPCR Premix (Clontech) and specific primers (Table 1) . Amplification parameters were as follows: 95°C for 2 min; 40 cycles of amplification (95°C for 15 s, 60°C for 40 s); dissociation curve step (95°C for 15 s, 60°C for 15 s, 95°C for 15 s). The linear regression line for ng of DNA was determined from relative fluorescent units (RFU) at a threshold fluorescence value (Ct) to gene targets from tissue extracts and normalized by the simultaneous amplification of RpL13A (a housekeeping gene) for all samples. Mean and standard deviation for all experiments were calculated after normalization to RpL13A.
Statistical analysis
Statistical analysis was carried out using SPSS software, version 19.0 (SPSS Inc., Chicago, IL). Data were submitted to one-way analysis of variance (ANOVA) and the comparisons between groups were performed by using Post Hoc Tukey and Kruskal Wallis tests at a level of significance (P < 0.05). 
Results
Micro-CT analysis
We previously reported that Bcl-2 -/-mice are smaller in stature, have smaller external ears and immature facial features compared to Bcl-2 +/+ or Bcl-2 +/-mice [17] . The anatomic micro-CT scanning of head samples showed dramatic differences between the experimental groups. The Bcl-2 -/-mice had smaller head, maxilla and mandible compared with Bcl-2 +/-and Bcl-2 +/+ mice (Fig. 1) . However, the apparent organization and macrostructure of teeth were similar. Thus, Bcl-2 expression has a significant influence on overall growth and development of the evaluated structures as previously reported [17] .
XRD analysis
Appropriate apoptosis of ameloblasts is essential for proper mineralization of developing tooth [24] . Given the important role of Bcl-2 in regulation of apoptosis, we next ask whether Bcl-2 expression impacts tooth mineralization. The XRD analysis of the five biological calcium phosphates in first molars from mice with indicated genotype is shown in Fig. 2A . The primary pattern of the biological calcium phosphate is the HA. However, ß-TCP and ACP were detected in small amounts. The XRD peaks in Bcl-2 -/-mice were wider than other groups, which suggested lower crystallinity of HA in the molars of Bcl-2 -/-mice. The main differences between XRD pattern of Bcl-2 -/-mice and their littermates were in the range of 2θ=10-15°and 2θ=45-55°. In fact, in the first range for Bcl-2 -/-mice XRD pattern, there was no peak, which is perhaps due to ACP in molars of Bcl-2 -/-mice. In the second range the observed peaks were not as sharp compared with the peaks in Bcl-2 +/-and Bcl-2 +/+ mice. This could be attributed to poor crystallinity of HA in Bcl-2 -/-mice ( Fig. 2A) .
Surface microhardness analysis
The aberrant mineralization observed in the absence of Bcl-2 expression suggest alterations in tooth surface hardness. We next examined the surface hardness of teeth from wild type and mutant mice. The surface microhardness evaluations of the incisors from the experimental groups showed significant differences (Fig. 2B) . The mean ± standard deviations of the surface microhardness of enamel in Bcl-2 +/+, Bcl-2 +/-, and Bcl-2 -/-mice were 313.9 ± 16.9, 292.9 ± 27.4, and 266.3 ± 29.8, respectively. A significant difference was only noted between Bcl-2 +/+ and Bcl-2 -/-mice (P = 0.007), while the microhardness values were not significantly different between Bcl-2 +/+ and Bcl-2 +/-mice (P = 0.293), or Bcl-2 +/-and Bcl-2 -/-mice (P = 0.151) (Fig. 2B) .
Saliva accumulation
Appropriate salivary gland function and production of saliva plays a key role in tooth mineralization. We next determined whether the expression of Bcl-2 affects salivary gland formation and production of saliva. Fig. 3A shows the gross anatomical examination of salivary glands in Bcl-2 +/+ and Bcl-2-/-mice. We observed that the salivary glands including SMG were significantly smaller in Bcl-2-/-mice compared with Bcl-2 +/+. To determine the consequences of these morphological appearances on salivary gland function, we determined the rate of saliva production in these mice. The mean and standard deviations of the amounts of saliva collected from the male samples in Bcl-2 +/+, Bcl-2 +/-, and Bcl-2 -/-mice were 0.978 ± 0.0536, 1.035 ± 0.205, 0.328 ± 0.0796 mL, respectively. Before doing the ANOVA test, the normality of variance of the dependent group was analyzed first. Considering the significant differences at (x = 0.05) and (P = 5.284, df 2, 18, P = 0.016), the assumption of equality of variances were not accepted. We then used the Kruskal Wallis test, the results at (x = 0.05) showed significant differences (P = 0.001) (Fig. 3B) .
The mean and standard deviations of the rate of saliva collected from the female samples in Bcl-2 +/+, Bcl-2 +/-, and Bcl-2 -/-mice were 0.85 ± 0.040, 0.691 ± 0.233, 0.112 ± 0.077 mL, respectively. Before performing the ANOVA test, the normality of variance of the dependent group was analyzed first. Considering the significant differences at (x=0.05) and (P =4.647, df 2, 18 P = 0.024), the assumption of equality of variances were not accepted. Using Kruskal Wallis test, the result showed at (x=0.05) significant differences (P = 0.001; Fig. 3B ).
Quantitative polymerase chain reaction analysis
Next we determined whether Bcl-2-deficiency altered the expression of other Bcl-2 family members. Fig. 4A -G, shows the relative expression of Bcl-2, Bcl-XL, Mcl 1, Bad, Bax, Bak1, and Bim-EL. The PCR analysis in Bcl-2 -/-samples showed lack of Bcl-2 expression as expected (Fig. 4A) . The decrease in Bcl-2 expression was not compensated by the increased expression of other pro-survival Bcl-2 family members including Bcl-XL or Mcl-1. Furthermore, no increase in expression of pro-apoptotic Bcl-2 family members including Bax, Bak1, Bad, and Bim-EL were observed (Fig. 4B-G) .
SEM analysis
To further investigate the morphological and mineralogical alterations affected by Bcl-2 expression, we performed SEM analysis of the mandible. The primary evaluations showed different occlusal pattern between Bcl-2+/+ and Bcl-2-/-mice (Fig. 5A) . The SEM color dot map in Bcl-2 -/-mice varied from Bcl-2 +/+ mice, particularly for minerals including fluoride and strontium. In Bcl-2 +/+ mice the fluoride content was higher with detectable strontium levels (Fig. 5B) , while samples from Bcl-2 -/-mice had lower fluoride content and no detectable strontium (Fig. 5C ). We next determined calcium levels and showed that the calcium level peaks in samples from Bcl-2 -/-mice were not as large as those from Bcl-2 +/+ mice (Fig. 5B) . Thus, Bcl2 -/-mice have poor levels of calcium in their tooth enamel.
Discussion
The current study investigated the impact of Bcl-2 expression on tooth development and its properties including mineralogy and surface microhardness of enamel in mice. Mice share structural, functional and genetic traits with humans [25] . Moreover, powerful molecular and genetic tools developed in the past two decades make mice an ideal animal model to study complex traits [25, 26] . Previous studies indicated that tooth structure development, morphogenesis, maturation of enamel, and also regeneration of dentin-pulp complex could be influenced by the expression of Bcl-2 [8, 9, 12] .
Teeth and bones are composed of inorganic calcium phosphate minerals which are approximated by hydroxyapatite and matrix proteins. However, the crystals of hydroxyapatite in teeth and bones are different from geological hydroxyapatite, which is referred to as "bioapatite" that plays a critical role in biological functions of teeth and bones [27] . The mineral content of tooth dentin structure correlates with its mechanical properties such as hardness and modulus of elasticity (MOE) [28] . In the present study the mineral content of five biological calcium phosphates including hydroxyapatite, β-tricalcium phosphate, octacalcium phosphate, amorphous calcium phosphate, and dicalcium phosphate dehydrate in enamel [18] , and the surface microhardness of teeth in Bcl-2 -/-mice, were adversely affected.
Bcl-2 expression, beside its central role in apoptosis, is an effective modulator of various developmental processes including epithelium and endothelium branching morphogenesis in lung and kidney. Previous studies have also demonstrated that the Bcl-2 deficient mice exhibit accelerated cell death in the spleen, thymus, and kidney [17] . Here we demonstrated a role for Bcl-2 expression in tooth development and function. The micro-CT analysis of experimental groups showed that the Bcl-2 -/-mice have undergone a general symmetrical reduction in size and volume in all tissues of head and maxillary and mandibular arches. Thus, establishing and supporting an important role for Bcl-2 expression in appropriate tissue development and function.
To assess the development and formation of tooth hard tissues, five growth parameters for determining the shape and morphology of crown enamel including a) appositional growth rate, b) duration of appositional growth (on the cusp tip), c) ameloblast extension rate, d) duration of ameloblast cells extension, and e) spreading rate of appositional termination are considered. Appositional growth begins with formation of ACP ribbons, which later converts to hydroxyapatite crystallites as it elongates [29] . The results of present study are consistent with this outcome as in the XRD pattern of samples from Bcl-2 -/-mice, where in the first range there was no peak related to ACP formation. This observation can be explained by low and poor crystallinity of HA components in the second range of XRD patterns in samples from Bcl-2 -/-mice. Thus, lack of Bcl-2 interferes with the (Table 1) . Please note no significant increase in expression of other Bcl-2 pro-survival family members. The expression of Bcl-2 pro-apoptotic family members were also not significantly affected in the absence of Bcl-2.
ameloblast cell extension resulting in immature enamel formation as a result of decreased HA crystallites in the tooth structure. In SEM color dot map analysis, similar results were noted. The SEM images from Bcl-2 -/-mice showed lower fluoride and calcium content with no strontium. These results can attribute to the lower crystallinity of HA in enamel structure of the molars from Bcl-2 -/-mice, which was consistent with XRD results.
The maturation of enamel structure after secretion is due to the maturation of enamel crystals that harden the tooth structure [30] . Bcl-2 -/-mice presented reduction on tooth surface microhardness, which can be attributed to the immaturity of hydroxyapatite crystals. This outcome can be attributed to the immaturity of hydroxyapatite crystals in samples from Bcl-2 -/-mice. As it was also evident in the XRD pattern of samples from Bcl-2 -/-mice, where the peaks related to HA were not as sharp as peaks in the other two groups. This indicates the lower and poor crystallinity of HA in enamel structure of samples from Bcl-2 -/-mice. These changes in enamel structure can explain the lower values of surface microhardness in samples from Bcl-2 -/-mice.
We also determined the impact of Bcl-2 expression on the saliva accumulation. For more than 50 years, the SMG has been used as a model organ culture due to its classic branching morphogenesis [31] . In the final developmental stage of SMG in mice, known as "terminal bud stage", the epithelial cells on the periphery undergo proliferation while the central cells undergo apoptosis to form the ducts and acini structures [14] . Since we have previously shown that Bcl-2 expression is essential for proper differentiation of renal epithelial and mesenchymal cells and branching morphogenesis during kidney development [17, [32] [33] [34] , we anticipated that the SMG morphogenesis might be influenced by lack of Bcl-2. Our results demonstrated that lack of Bcl-2 expression impacted salivary gland morphogenesis and saliva production. These results can be explained by the changes observed in the size of the SMG, which is remarkably decreased in samples from Bcl-2 -/-mice compared with Bcl-2 +/+ mice.
Another parameter tested in this study was the accumulation of saliva in various samples, as the secretion of saliva has tremendous effects on tooth and oral tissue health [15, 16, 35] . Downregulation of Bcl-2 is associated with destruction of glandular tissue and decreased secretory function in Sjögren's syndrome [36] . In the present study we also did not detect any developed and mature duct or formed acini in samples from Bcl-2 -/-mice compared with samples from Bcl-2 +/+ or Bcl-2 +/-mice (not shown). In addition, the outcomes of saliva accumulation showed a significant decrease in the amount of saliva in Bcl-2 -/-mice. The reduction of saliva levels was consistent with the reduction in size of SMG in Bcl-2 -/-mice. Thus, expression of Bcl-2 is essential for proper development and function of salivary glands, and remains a subject of future investigation in our laboratory.
We also showed that the decreased Bcl-2 expression in Bcl-2 +/-and Bcl-2 -/-SMG samples was not compensated by increased expression of other pro-survival Bcl-2 family members. These results are consistent with the previous studies demonstrating contemporaneous co-expression of Bcl-2, Bcl-XL, Bax and Bak proteins during tooth germ development [11] . In addition, the level of Bcl-2 expression was greater than Bax, Bak, and Bcl-XL. The reduced expression of Bcl-2 has adverse effect on developmental and functional properties of maxillofacial and tooth. Thus, expression of Bcl-2 is essential for normal development and function of salivary glands and saliva production. Collectively our studies demonstrate a significant role for Bcl-2 expression in tooth and salivary gland development and function. In addition, these defects may contribute to insufficient nutritional intake, the small size, and poor health of the mice deficient in Bcl-2.
Conclusions
According to the tested parameters, outcomes, and limitations of present study the following conclusions can be drawn:
• Bcl-2 expression has a significant impact on the mineralogical content of enamel crystals of tooth structure. Lack of Bcl-2 expression led to impaired production of enamel ACP crystals.
• The surface microhardness was influenced by Bcl-2 expression, as the germline deletion of Bcl-2 reduced the surface microhardness of enamel.
• The germline deletion of Bcl-2 resulted in structural changes in SMG function, which results in reduction of saliva production in oral cavity.
• The lack of Bcl-2 expression was not compensated by significant changes in the expression of other pro-and anti-apoptotic Bcl-2 family members in SMG.
